somes which is enriched in phosphatidylinositol 3-phosand specific, we cloned and in vitro translated both APPL proteins to measure their ability to bind various phate (PI(3)P) and a set of PI(3)P binding effectors (Christoforidis et al., 1999b; Zerial and McBride, 2001) . recombinant GST-tagged Rab proteins. Both APPL1 and APPL2 strongly bound Rab5:GTP␥S but neither PI(3)P is also required for the endosomal localization of various signaling molecules, such as a component of Rab5:GDP nor Rab4, Rab7, or Rab11 ( Figure 1C Figure 2D ) and ␣-adaptin (data not shown) elimither via receptor-mediated (transferrin) or fluid-phase endocytosis (dextran). We observed only a low degree nated the possibility that APPL-positive structures corresponded to caveolae/caveosomes and clathrin-coated (below 10%) of APPL1 colocalization with internalized transferrin ( Figure 4A ) and no significant labeling with vesicles, respectively.
2001;
To confirm that the punctate pattern of APPL1 repredextran (data not shown) at any time point, arguing that APPL-positive structures are not pinosomes. Given that sented membrane structures and not some proteinaceous particles, we performed immunoelectron mithe machineries responsible for constitutive (transferrin) and ligand-induced (growth factors) endocytosis can be croscopy on frozen sections. Specific labeling for APPL1 was associated with both tubular and vesicular memdifferentially regulated (Di Fiore and De Camilli, 2001), we tested whether rhodamine-labeled EGF (Rh-EGF) brane structures generally in close proximity to the plasma membrane (Figure 3) . These data clearly estabcould access APPL structures. Cells were serum-starved overnight and Rh-EGF was internalized for 5, 15, or 30 lish that the APPL-labeled structures are membrane bound, consistent with the fact that APPL1 was detectmin in order to progressively label clathrin-coated vesicles, early endosomes, and late endosomes/lysosomes. able in preparations of endosomal membrane isolated by floatation on density gradients (data not shown). The Unexpectedly, we observed that the APPL1 distribution changed dramatically upon serum starvation and EGF lack of colocalization with EEA1 observed by immunofluorescence microscopy raises the possibility that these stimulation ( Figure 4B eral structures and its accumulation in the nucleus (Figure 5E ). These results provide strong evidence that Importantly, dynamin K44A did not affect the translocation of APPL1 to the nucleus ( Figure 5B ). In contrast, blocking membrane localization of APPL1 depends primarily on the active Rab5 and is sensitive to GTP hydrolysis or EGF endocytosis at 4ЊC prevented release of APPL1 and its nuclear translocation (data not shown), sugreduction in Rab5:GTP levels. Moreover, similar to EGF stimulation, oxidative stress is another signaling pathgesting that APPL signaling requires EGF internalization and is not triggered by EGF binding to its receptor on way that relocates APPL1 to the nucleus. the surface or deeply invaginated pits (Vieira et al., 1996 Figure 6A ). To gain further into Rab5 is GTP-dependent. We tested this possibility in three ways. First, a dramatic redistribution of endogesights into the function of APPL1, we undertook a search for interacting partners by coimmunoprecipitation exnous APPL1 ( Figure 5C ) from the membranes to the cytosol was observed in cells expressing Rab5S34N, a periments from cytosol and detergent extracts of HeLa cells. Whereas no proteins were coimmunoprecipitated mutant preferentially GDP bound. Second, overexpression of the Rab5 GAP RN-tre (Lanzetti et al., 2000) with APPL1 from cytosol (data not shown), a number of proteins were recovered from the detergent extract caused a substantial displacement of APPL1 from the peripheral structures, consistent with the reduction of ( Figure 6B) . Surprisingly, mass spectrometry sequencing revealed the presence of PID/MTA2, p66, HDAC1, the pool of active Rab5 in these cells ( Figure 5D ). Third, we took advantage of the fact that under oxidative and/or HDAC2 (identified through common peptides) RbAp46, RbAp48, and MBD3, namely 6 out of 10 compostress, phosphorylation of RabGDI by p38MAPK results in extraction of Rab5 and its effector EEA1 from the nents of the nucleosome remodeling and histone deacetylase NuRD/MeCP1 complex (Feng and Zhang, early endosomes (Cavalli et al., 2001) . Consistently, Figure 6A ), we confirmed the specificity of the coimmunoprecipitation usspecific cell cycle arrest ( Figure 7C ). Collectively, the interaction with the NuRD/MeCP1 complex together ing HeLa nuclear extracts. Western blot analysis ( Figure  6C) showed that antibodies to APPL1 but not preimmune with the effects on DNA replication suggest that APPL proteins exhibit essential functions in a signaling pathserum efficiently and specifically coimmunoprecipitated PID/MTA2 protein and, to a lesser extent, also RbAp46. way leading to cell proliferation. We could not observe a similar interaction using APPL2 antibodies presumably due to their low efficiency in imBinding to Rab5 Is Indispensable for the Functional Cycle of APPL1 munoprecipitation. We furthermore confirmed these interactions by GST pull-down experiments applying nuWe further wished to test whether the interaction between Rab5 and APPL is critical for the regulation of clear extracts to columns with immobilized GST alone or fused to APPL proteins ( Figure 6D ). PID/MTA2 and cell proliferation. We first conducted deletion mutagenesis and in vitro binding studies to identify sequences RbAp46 were specifically bound to GST-APPL1 but not GST alone. Interestingly, we also recovered these proengaged in Rab5 binding on the APPL1 molecule ( Figure  7D ). Based on the homology of the BAR domain to arfapteins on the GST-APPL2 column, suggesting that both APPL proteins can interact with the components of tins we focused on this region of APPL1 as the potential binding site. Strikingly, the presence of both BAR and NuRD/MeCP1 in the nucleus.
Histone deacetylase activities are required for cell cy-PH domains (residues 1-428) was necessary for binding to Rab5:GTP, suggesting that one domain may stabilize cle progression and development (Ahringer, 
Experimental Procedures
In the absence of ligand, DCC induces apoptosis via activation of caspase-3 and -9 in a process that requires 
